The two genes encoding the B-chain constant region of the T-lymphocyte antigen receptor appear to have undergone gene conversion in a number of species, including wild and laboratory mice. To examine the frequency of such events during short evolutionary periods, we have characterized the corresponding genes from an African pygmy mouse, Mus minutoides. Sequence analysis indicates that exon 1 regions from these genes have undergone conversion events independent of those observed in other mouse species. Furthermore, the conversion events in all murine species are limited to exon 1 sequences. One such event involves the insertion and subsequent transfer of an entire codon between the two genes. Comparisons with other murine CB sequences suggest that gene conversion has occurred on the order of every 0.3 Myr during the evolution of a family consisting of only two genes.
Introduction
Gene evolution in eukaryotes is effected by a number of processes including simple substitution, insertion/deletion, recombination, and conversion. The last of these, gene conversion, while difficult to document experimentally in higher organisms, because of the inability to follow segregation of individual meiotic or mitotic products, has been suggested to occur in a number of gene families. Evidence for this is based largely on analyses of sequence patterns such as those found, for example, among the immunoglobulin constant ( Schreier et al. 198 1) and immunoglobulin variable regions (Clarke et al. 1982; Krawinkel et al. 1983; Clarke and Rudikoff 1984; Reynaud et al. 1987 Reynaud et al. , 1989 Thompson and Neiman 1987; Ferguson et al. 1988) , histocompatibility antigens (Pease et al. 1983; Weiss et al. 1983; Hemmi et al. 1988) , chorion genes of Bombyx mori (Yue et al. 1988) , phosphoglycerate kinase genes of Trypanosoma brucei (Le Blancq et al. 1988 )) p-elements of Drosophila melanogaster (Geyer et al. 1988) , steroid 21-hydroxylase p-450 genes in humans (Higashi et al. 1988) , globin genes (Efstratiadis et al. 1980; Koop et al. 1989; Fitch et al. 1990 ) and the B-chain constant regions of the T-lymphocyte antigen receptor (Gascoigne et al. 1984; Tunnacliffe et al. 1985; Marche and Kindt 1986) . While the number of examples consistent with a gene conversion process is becoming increasingly large, little is known about the frequency of such events during evolution.
We are attempting to approach this question by gene analysis using various mouse Recent Exon-specific Gene Conversion 15 species representing approximately the past 10 Myr of murine evolution. Fossil records place the separation of Mus and Rattus at 8-14 Mya (Jacobs and Pilbeam 1980) ) and analysis of the single-copy immunoglobulin kappa light-chain constant-region gene suggests that all four of the Mus subgenera-i.e., Coelomys, Pyromys, Nannomys, and Mus-radiated during a relatively short time span (Jouvin-Marche et al. 1988) . Since members of different subgenera are genetically isolated, this system provides an opportunity to study gene evolution in populations that have been isolated for much of the existence of the genus (< 10 Myr) .
As an example of evolution in a small gene family, we have selected the P-chain constant-region genes of the T-cell antigen receptor. With a second polypeptide, designated "a," the p chain of this receptor forms a heterodimer which is responsible for binding foreign antigen. It is the binding of foreign materials by this receptor complex that leads to the initiation of a variety of T-lymphocyte functions involved in the immune process. Both the a and p chains are composed of both a region of variable sequence that determines specificity for antigen and a region of invariant sequence or constant region ( fig. 1 ). The P-chain constant region is encoded by one of two very similar genes, C/3 1 and Cp2, each containing four exons separated by corresponding introns (Gascoigne et al. 1984; Malissen et al. 1984) . Previous studies of inbred and wild mice have revealed that, compared with the remainder of the gene, exon 1 sequences exhibit only minimal divergence between ($1 and ($2 in a given species (Gascoigne et al. 1984; ). These observations indicate that some form of gene correction (conversion) has occurred to homogenize exon 1 sequences. Similar patterns have also been observed in human (Tunnacliffe et al. 1985 ) and rabbit (Marche and Kindt 1986) Cp genes. To examine further the possible occurrence and frequency of conversion events in natural populations, we determined the nucleotide sequences of C$ genes from the African pygmy mouse, Mus minutoides (subgenus Nunnomys) . Results indicate that independent gene correction events have occurred in this species, and comparisons with other murine species suggest that such processes occur frequently in natural populations. 
Material and Methods
A&s minutoides individuals were obtained from the colony of Dr. Michael Potter, National Cancer Institute. A recombinant DNA library was constructed from liver DNA in the bacteriophage vector, lambda Jl, according to a method described elsewhere (Jouvin- ). Phage were screened by hlter hybridization using a 600-bp EcoRI-BarnHI cDNA fragment containing constant-region sequences of the T-cell receptor B chain (supplied by Dr. Mark Davis, Stanford University). Nucleic acid sequences were determined by subcloning of appropriate fragments into M 13 vectors, followed by direct sequence extension using synthetic oligonucleotide primers. Sequences were aligned using both the NUCALN program of Wilbur and Lipman ( 1984) and a program written by Hayden Coon, Laboratory of Genetics, National Cancer Institute. Additional alignment was then performed by hand. Evolutionary relationships were determined by the method of Fitch ( 197 1) .
Results

Sequence Determination
Recombinant bacteriophage containing Mus minutoides genomic DNA were screened with a cDNA clone encoding B-chain constant-region sequences of the Tcell antigen receptor from the inbred mouse strain BIO.A (M. musculus domesticus). Five positive recombinants were purified and subjected to preliminary endonucleaserestriction analysis. Two patterns were obtained, with three recombinants sharing one and with two sharing the other. One of the group of three was selected for detailed analysis.
Further restriction mapping of this clone revealed two hybridizing fragments in digests with each of the enzymes BumHI, EcoRI, and HindIII. A preparative digestion was then performed with EcoRI-HindIII, and the hybridizing bands of 2.3 (HindIIIHindIII) and 1.9 (EcoRI-EcoRI) kb were gel purified and subcloned into the phage vectors M 13mp 18 and M 13mp 19. Where necessary, additional Sau 3A fragments derived from these bands were subcloned into M 13 vectors. Sequence analysis revealed that the 2.3-kb HindIII-Hind111 band contained CB2 and that the 1.9-kb EcoRI-EcoRI band contained ($1. Sequence alignment of the 1.9-kb EcoRI fragment with other CB genes (not shown) revealed no significant similarity from the EcoRI site to a Sau 3a site -500 bp downstream ( fig. 2 , nucleotide 132 in the first codon of exon 1). This region was, therefore, considered likely to result from a cloning artifact at the Sau3A site, since M601, the enzyme used in the library preparation, has the same recognition sequence. This conclusion was supported by the use ofa probe, from the EcoRI-Sau3a fragment generated by polymerase chain reaction, that hybridized to entirely different genomic bands than those detected by the coding region probe (data not shown).
Analysis
Comparison of the M. minutoides Cp sequences with those from other mouse species ( fig. 2 ) reveals pronounced sequence conservation in all exons. However, in each species, the exon 1 sequences show markedly less divergence between CBl and CB2 (0.3%-1.6%) than does the other large exon, exon 3 (14.0%-16.8%) (table 1) . This conservation cannot be explained by deletion of one CB gene and duplication of the other, because intron sequences between CBl and Cp2 genes are highly divergent (table 1) and because, in all cases, Cp 1 sequences are more similar to their Cp 1 counterparts, as are Cp2 sequences to their ($2 counterparts.
A closer comparison with a murine consensus sequence of exon 1 reveals that, of 32 positions at which differences are found, 21 demonstrate the occurrence of the identical nucleotide in both the ($1 gene and the Co2 gene from the same species (fig. 2 and table 2 ). Nine such positions are found in minutoides, six are found in pahari, and six are found in domesticus. Of special interest among these are codons 69 (nucleic acid 336) and 78 (nucleic acid 365). At codon 69 both minutoides genes have the same three base insertion, AGC, which is identical to the consensus sequence of the preceding codon. At the third base of codon 78, shared nucleotides unique to each species are found.
The relationship between Cp 1 and Cp2 genes is depicted graphically in figure 3. In comparisons excluding exon 1, all Cp 1 sequences are more similar to their counterparts in the other species than to CD2 sequences ( fig. 3a) . In contrast, a tree constructed from exon 1 alone ( fig. 3b) indicates that, in all cases, Cpl sequences are more similar to Cp2 sequences of the same species. These trees clearly differ in both topology and branch length. To make the gene-minus-exon-1 tree conform to the exon 1 tree increases the number of nucleotide substitutions by 69% (from 685 to 1159). To make the exon 1 tree conform to the gene-minus-exon-1 topology requires an increase of 63% (from 30 to 49 ). These two trees can be reconciled by assuming that homogenization of exon 1 sequences has occurred independently in each species ( fig. 4) . In this hypothetical progression, an initial gene duplication gave rise to Cpl and Cp2. During evolution the genes diverged, except that exon 1 sequences were frequently homogenized by conversion. While the differences used to assign the order of divergence with domesticus and pahari as sister taxa are not statistically significant, the relationship is supported by trees for exon 1, Cpl, and C/32. The last detectable gene conversion must have occurred recently, as indicated by the small number of substitutions between Cpl and Cp2 exon 1 sequences in each species. The actual number of conversions that has taken place during murine evolution cannot be determined from the data, because each conversion obscures evidence of previous such events.
Examination of all murine C$ sequences ( fig. 2 ) indicates that conversion is restricted to exon 1. Marked sequence variation is observed starting -15 nucleotides 5' of exon 1 and 10 nucleotides into intron 1, suggesting that the boundaries for conversion correspond closely to those of exon 1. Sequences consistent with conversion events are not found neither 5' or 3' to exon 1 nor elsewhere in the genes. The putative exon 1 conversions result, in all cases except the minutoides-domesticus Cl31 comparison (table 1 ), in a conservation that is slightly higher in exon 1 than in exon 3. Interspecies pairwise comparisons of the remainder of the Cp genes reveal relatively similar divergence both in exons and in introns, suggesting that the three species radiated during a relatively short time period and have diverged at similar rates. This same conclusion has been reached from analysis of the single-copy immunoglobulin kappa light-chain constant-region gene ( Jouvin- Marche et al. 1986 ).
Discussion
Previous analyses of murine ( Jouvin- Marche et al. 1986 ), human (Tunnacliffe et al. 1985) ) and rabbit (Marche and Kindt 1986) Cp genes (for organization and expression of the Cj3 locus, see fig. 1 ) have revealed a pronounced lack of sequence divergence between Cp 1 and Cp2 in exon 1. This lack of divergence has been suggested as most likely resulting from gene conversion events. Gene conversion is well documented in yeast (Petes and Hill 1988) , and, on the basis of analysis of sequence patterns in which certain segments of a given sequence correspond to those found in related members of the same family, conversion has been suggested to occur in highervertebrate multigene families. The related genes presumably serve as donors for sequence information. In a previous study, we described Cp sequences from Muspahari, a member of the subgenus Coelomys, believed to be one of the oldest mouse species in existence. Exon 1 sequences revealed a pattern consistent with the occurrence of gene conversion events that were independent of those observed in the Cp genes of inbred mice (M. musculus domesticus, subgenus Mus). To determine both whether gene conversion events are likely to occur in all Cp genes and whether such events are frequent enough to produce sequences in which unique patterns of conversion can be observed, we have analyzed the C/3 genes from the African pygmy mouse, M. minutoides, a member of the subgenus Nannomys. The four murine subgenera are believed to have diverged within a period of 1-3 Myr (Jouvin- Marche et al. 1988) , thus providing an opportunity to identify independent conversion events in natural populations that have been separated for < 10 Myr.
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Analysis of minutoides Cj3 genes ( fig. 2 ) reveals an exon 1 sequence pattern in which nine differences from a murine consensus sequence are shared between Cpl and (432 genes. Substitutions shared in such a species-specific manner are not found elsewhere in these genes. Among the shared substitutions is the insertion, at nucleic acid position 336 in both Cp genes, of an entire codon that is identical to the consensus sequence at the preceding codon. This insertion was probably introduced into one of the genes by "slippage" during DNA replication ( Streisinger et al. 1966) ) followed by transfer to the second gene.
The exon 1 sequence pattern in minutoides, as well as in the other murine species, appears most readily explained by gene conversion. Alternative possibilities include parallel substitution and recombination. Parallel substitution appears unlikely because of the high frequency of exon 1 substitutions that are shared in a species-specific manner. In addition, the independent introduction of the identical three-base sequence fig. 3b (the direction for conversion cannot be assigned, since it cannot LX determined which of the two genes serves as the donor sequence). The ratio of that node distance to the distance of the preceding species divergence was used to define a time of conversion relative to time of speciation. That relative value was used to determine the location of conversions shown in the figure. M, P, and D and the numbers following them are as defined in the legend to fig. 3. would be required in the case of minutoides. Similarly, recombination appears unlikely, as such a mechanism would require that the exchange be limited to exon 1 sequences (not including 5' flanking or intron 1 sequences) in all species. We therefore suggest that gene conversion most likely accounts for the exon 1 sequence patterns. Furthermore, the relatively low number of substitutions found between Cpl and Cl32 genes in any of the species argues that conversion events have occurred recently in each. This appears to be particularly obvious in M. m. domesticus, where, at seven positions differing from the consensus, six are identical in Cl31 and (32. If we assume that the three species diverged 5-8 (average 6.5) Mya (Jouvin- Marche et al. 1986) ) then the calculated times since the last conversion are 0.5, 0.4 and .09 Mya for minutoides, pahari, and domesticus, respectively, or an average of once every 0.3 Myr. Since only conversions that are fixed in the population are observed, the true frequency may be significantly higher. This analysis would argue both that multiple conversion events have occurred in each species during murine evolution and that evidence of previous conversion is obscured by each successive event.
The extent of conversion appears to be limited almost exclusively to exon 1. This is true in all species except humans (Tunnacliffe et al. 1985 ) , where conversion extends into the 5' end of intron 1. This observation suggests either that there are specific recognition sequences which promote conversion or that the DNA encoding these genes forms secondary structure(s) which facilitate paralogous pairing and sequence exchange. Mutational processes in the structurally and functionally related immunoglobulin genes are, likewise, restricted to specific exons. Point mutations generating antibody variability during somatic development of lymphocytes are localized to exons encoding the antigen-binding domains of these molecules (Gearhart and Bogenhagen 1983) . Similarly, the entire antibody repertoire in the chicken is generated by somatic gene conversion involving one functional gene and a series of pseudogenes that act as sequence donors (Reynaud et al. 1987 (Reynaud et al. , 1989 Thompson and Neiman 1987) . In this case, conversion is also limited to exons encoding the antigen-binding domains and appears to involve short, random stretches in these genes. The apparent randomness throughout the exon may indicate that specific target sequences are not involved but that secondary structure facilitates the process. Unusual secondary structure may also be suggested by the fact that immunoglobulin and T-cell antigen-receptor genes are, to date, the only known families that undergo patterned DNA rearrangements as a requisite for expression..
The observation that Cpl and Cp2 exon 1 sequences undergo conversion while these same sequences diverge from their counterparts in other mouse species, at about the same rate as in exon 3 (table 1)) suggests that selection is not acting to maintain a particular sequence in this region. What, then, is the driving force for this conversion, and what is the biological consequence? One possibility is that Cp exon 1 regions must interact with one of the additional chains of the T-cell receptor. If this were the case, then one would also have to assume that the presence of two functional Cp genes is of extreme biological importance. The divergence between Cp genes from different species could then be explained by selective coevolution with the monomorphic structure with which they interact. An alternative possibility is that the occurrence of conversion in Cp genes may simply be a stochastic process which is promoted by secondary structure inherent to these loci and that no selection is involved.
The present example of Cj3 sequences is unusual in that the entire family consists of only two genes, in contrast to the larger families in whi/ch gene conversion has been suggested by previous studies. Whatever the driving force responsible for implementation of conversion events, the above data indicate that a pauci-gene family such as this provides a substrate sufficient to support, during short evolutionary periods, the frequent occurrence of such a process in natural populations. 
